Abstract-Shift quality is an integral component of driveability. Thus, it is of paramount importance that control methods be developed for ensuring good shift quality. Increasingly, automatic transmissions employ a combination of two actively controlled clutches to implement shifts, which makes the gearshifts clutchto-clutch shifts. In the current study, nonlinear control techniques are used to ensure good shift quality for a typical clutch-to-clutch shift. Closed loop control is achieved for both torque and inertia phases of the shift through manipulation of clutch pressures, observers being used to estimate the required information. Robustness is ensured for the observer based controller using loop shaping techniques. Controller performance is evaluated through numerical simulation of the proposed observer based controller on an experimentally validated high order model of a stepped production automatic transmission.
I. INTRODUCTION
A significant majority of production vehicles with automatic transmissions on the road today frequently employ the same procedure for performing a gear shift, involving clutchto-clutch (C2C) control. Clutch-to-clutch shifts involve two actively controlled friction clutches capable of transmitting the load in both slip speed directions. Clutch-to-clutch shifts consist of transfer of the load torque from the offgoing to the oncoming clutch (torque phase) and synchronization of speeds of the input and output shafts (inertia phase).
Closed loop control for the inertia phase has been extensively studied due to the availability of speed sensors in production transmissions (see [1] and references therein). Contrary to this, torque phase control is usually performed in an open loop fashion [2] , sometimes involving modulation of engine torque [3] . The lack of closed loop techniques for torque phase control can be attributed to the unavailability of torque sensors in production transmissions. Apart from being calibration-intensive, open loop control techniques also lack robustness with respect to the modeling errors and unknown disturbances.
Section II describes the powertrain model used for the current study. An observer is designed in section III to estimate the operating variables that are unavailable due to the lack of sensors. Section IV describes controller development for both the torque and inertia phases. Simulation results are presented and discussed in section V, which is followed by concluding remarks in section VI.
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II. POWERTRAIN MODELING
The powertrain model used for the current study uses the engine as a prime mover and represents it as a one degree of freedom system,
where I e , ω e , α, T f , T p , b e and T i represent engine inertia, engine speed, throttle angle, constant component of friction torque, pump torque, coefficient of viscous friction and indicated torque of the engine respectively. Indicated torque is modeled in the form of a look up table which is a function of throttle angle and engine speed. Power flows from the engine to the torque converter (TC) which provides damping and torque amplification, depending on the mode of operation. The turbine torque (T t ) from the torque converter drives the transmission system, which for the current study is a 4-speed stepped automatic transmission in production. For the automatic transmission of interest, the shift from first to second gear is a clutch to clutch shift, with LR and 2N D representing the offgoing and oncoming clutches respectively. For the sake of brevity, the analysis and results in the current study will be presented just for a 1-2 upshift. The wet clutches involved in this shift are modeled using
where T c ,P c , µ(∆ω c ), A c , R c , ∆ω c represent the clutch torque capacity, clutch pressure, clutch friction coefficient, effective pressurized area, effective clutch radius and clutch slip speed respectively. Clutch pressure is the output of the transmission hydraulic system which was modeled as a 13 th order nonlinear model (for each clutch) in [5] . In the same work, the model was reduced to 5 th order using energy analysis. Further model order reduction has been performed in [1] to obtain the 1 st order control-oriented nonlinear model used here,
where c 1 ,c 2 are known constants, P s is the supply pressure and is assumed to be constant, and γ is the duty cycle for the PWM solenoid valve of the transmission hydraulic system. Under closed loop control, γ is calculated by the controller using the sensed/estimated information. The clutch pressure so generated controls the clutch slip speed.
A typical C2C upshift starts with the transfer of load from the offgoing to the oncoming clutch. This is achieved through reducing the offgoing clutch pressure and increasing the oncoming clutch pressure. This phase is known as torque phase where the offgoing clutch does not slip and the transmission 2016 American Control Conference (ACC) Boston Marriott Copley Place July [6] [7] [8] 2016 . Boston, MA, USA mechanical system just has one degree of freedom in the form of the oncoming clutch slip speed (ω sr ),
where q 1 ,q 2 ,q 3 are known constants, T s ,T t ,P c,N D represent output shaft torque (after the final drive), turbine torque and oncoming clutch pressure respectively. The reaction or load torque (RT LR ), on the offgoing clutch, during the torque phase, is given by,
where α 1 ,α 2 ,α 3 are known constants. When the load (reaction torque) on the offgoing clutch equals the clutch torque capacity, the offgoing clutch begins to slip marking the end of the torque phase, following which the C2C shift enters the inertia phase. During the inertia phase, both the offgoing and oncoming clutches slip, and the transmission mechanical system is described as follows,
where ω cr is the offgoing clutch slip speed, q 4 ,p 1 ,p 2 ,p 3 are known constants and P c,LR represents the clutch pressure of the offgoing clutch. The oncoming clutch pressure is manipulated to synchronize the speeds of the input and output shafts of the transmission during the inertia phase. The torque produced at the output shaft of the transmission system propagates through the driveline (final drive, shafts, couplings, etc.) to drive the vehicle. The driveline is represented here by a single compliant shaft. The vehicle dynamics model is expressed as,Ṫ
where K s , ω o , ω v , I v denote the lumped driveline compliance, final drive output shaft speed, wheel speed and effective inertia of the vehicle lumped at the wheel, respectively. T L is the load torque on the wheel, which is a measure of vehicle road load and is modeled here as,
where r is the wheel's radius and f 1 ,f 2 are known constants.
III. ESTIMATOR DESIGN
The controller developed in section IV requires information about the output shaft torque (T s ), turbine torque (T t ), oncoming clutch pressure (P c,N D ) and reaction torque at the offgoing clutch (RT LR ) during the torque phase. Transmission systems are sensor poor environments and so, we present scenarios for estimating all of the required variables.
A. Shaft torque observer design
A Luenberger observer was used to estimate the shaft torque (T s ), which uses the vehicle dynamics model given by (7) . For this model, T L and ω o are the inputs and ω v is the measured output. ω o is known by measurement and T L is either known through (8) or estimated by some other means, since load torque on a vehicle is an important quantity for vehicle stability controllers and thus is usually known. The estimator gain matrix L = [l 1 l 2 ]
T was chosen to ensure robustness against uncertainty in K s , which usually is not known very accurately. Denoting the uncertainty in the lumped compliance by ∆K s ,
whereT s denotes the estimation error of the output shaft torque. Since ∆K s , ω o , ω v do not change substantially during the entire shift, it is reasonable to assume ∆K s (ω o − ω v ) to be a low frequency signal. Thus l 1 , l 2 were selected to shape the frequency response of the transfer function in (9) to reject low frequency disturbances and high frequency noise which might be present in the measured rotational speeds.
B. Torque phase observer design
Kotwicki's static model [4] for torque converters is usually considered to be sufficiently accurate for transmission controller design, for example, see [7] . However, parameters in this model do vary with operating conditions, motivating the need for online estimation of the turbine torque.
Just before the start of the torque phase, the torque converter can be locked by the converter clutch, in the fluid coupling mode, or torque amplification mode. We assume here that the torque converter mode remains unchanged during the torque phase. In the torque-amplification mode, the turbine torque depends significantly upon torque converter characteristics in addition to the pump torque, and hence its estimation requires significant information from the transmission side. Thus, for this case, the controller would use Kotwicki's model for the turbine torque information. For the remaining two cases, the transmission system is coupled to the engine and thus information from the engine side can be used to estimate the turbine torque.
In the current study, we assume that the torque converter is either locked or in the fluid coupling phase. Equation (1) then becomes,ω
It is further assumed that T i , T f , b e are known as they are essential for any kind of model-based engine speed control. Assuming such a control environment, a sliding mode observer [8] is proposed for the estimation of turbine torque during the torque phase,ω
which gives the following error dynamics,
Now if k 1 > |T i | + |T t | + |T f |, the estimation errorω e converges asymptotically to zero. Upper bounds on T i ,T f ,T t are usually known, which can be used to select the gain k 1 . Note that finite time convergence ofω e to zero can be achieved if
is the initial estimation error which can be made arbitrarily small by choosing the observer's initial condition in (11) to be close to the sensed value of ω e at that initial time instant. Once convergence of the estimation error to zero takes place, the method of equivalent control [8] can be used to derive the following.
where v 1,eq is the equivalent control corresponding to k 1 sign(ω e ) and physically represents its low frequency component. Thus, if v 1,eq is known, the turbine torque can be calculated. Equivalent control can be extracted from v by lowpass filtering it [8] . Thus the following low pass filter was designed,
where τ is the time constant of the filter and v 1,f is the filter output. It was shown in [8] that v 1,f → v 1,eq if and only if τ → 0 and ∆/τ → 0, where ∆ ≈ 1/f s and f s is the switching frequency for the term k 1 sign(ω e ) which in the case of an observer is limited by the time step of the fixed step solver. For a finite switching frequency, there is a first order lag between the filter output and the equivalent control. This lag increases the estimation error and deteriorates the controller performance. We introduce a novel approach for equivalent control extraction to overcome the above problem. The output injection term v 1 was redesigned as follows.
The PI form of the output injection makes the effective switching signal a low frequency signal and thus the lag is highly minimized due to further filtering action. This was confirmed by the simulation results. We will therefore assume that the output of the low pass filter is approximately equal to the equivalent control. Similar techniques were applied to (4) to estimate the term µ(ω sr )P c,N D , which along with the estimated turbine and output shaft torques was used to evaluate the reaction torque at the offgoing clutch using (5) . Under the assumption of known coefficient of friction (µ(ω sr )), oncoming clutch pressure can be evaluated from µ(ω sr )P c,N D . However, any uncertainty in the coefficient of friction will induce a proportional uncertainty in the clutch pressure estimate. Thus the controller will be made robust against this and other estimation errors in section IV.
C. Inertia phase observer design
It is highly likely that the torque converter will cease to operate in the fluid coupling mode and resort to the torque amplification mode during the inertia phase, due to a substantial change in speeds. Also, for the same reason, the torque converter clutch is not locked during this phase. Thus, a new observer needs to be designed for the estimation of the turbine torque in this phase. The turbine torque and oncoming clutch pressure were simultaneously estimated using a sliding mode observer, similar to the one described in the preceding subsection. For this purpose, the governing differential equations are given by (6) , where P c,LR is assumed to be zero, which is due to one of the control actions during the inertia phase.
IV. CONTROLLER DESIGN
The structure of the controller is shown in Fig. 1 and is the same for the torque and inertia phases. The controller is segregated into two components having a cascaded connection. The feedback linearization controller calculates the clutch pressure trajectory required for desired speed tracking. The clutch pressure trajectory serves as a reference input for the sliding mode controller. The modularity of the controller structure effectively reduces the problem of designing a controller for a larger state-space to the problem of designing two controllers for the smaller state spaces with different robustness requirement, which simplifies the design problem. 
A. Torque phase controller design
The primary goal in torque phase controller design is to prevent any mis-coordination of the offgoing and oncoming clutches resulting in engine tie-up or flare, as both of these situations result in larger torque variation in the output shaft torque response. A secondary goal is to control the duration of the torque phase. The two objectives were met by the following controller. The primary goal of coordinating the two clutches can be achieved by monitoring the estimated reaction torque at the offgoing clutch and designing a controller such that the offgoing clutch behaves like a one-way clutch, i.e. the offgoing clutch transfers the load only in one direction. This further means that the offgoing clutch pressure must be manipulated to maintain a clutch torque capacity which is higher than the offgoing clutch reaction torque for all times during the torque phase and converges to zero with it. This can be done in a closed-loop fashion for transmission systems equipped with a pressure sensor for the offgoing clutch. For the current study, availability of the offgoing clutch pressure sensor is assumed as is the case with dual clutch transmissions. The desired torque capacity of the offgoing clutch (T * c,LR ) is defined to be a linear function of the estimated reaction torque, i.e.
where ε is some constant greater than one. This torque capacity can be converted to the desired clutch pressure of the offgoing clutch using (2) .
The desired clutch pressure trajectory so obtained is sent to the sliding mode controller where, by using feedback from the offgoing clutch pressure sensor, the problem of clutch pressure trajectory tracking is solved [1] . For transmission systems without any clutch pressure sensors, this needs to be done in an open loop fashion. The only piece of information that is needed is the delay between the command given to the PWM solenoid to release the clutch and the actual release of the clutch, which is usually known to a sufficient degree of accuracy. In case of uncertainty in this information, adaptive measures can be taken on a shift-to-shift basis.
Equations (4) and (5) can be combined to give,
where β 1 , β 2 , β 3 are known constants. Since there are only small speed changes during the torque phase, we assume thaṫ ω sr ≈ 0. Thus (18) becomes,
Assuming that the engine indicated torque is not manipulated during the shift, the turbine torque roughly remains constant,
Define,
whereRT LR (t o ) denotes the estimated value of the reaction torque at the start of the torque phase and ∆t T is the desired duration of the torque phase. The reference trajectory (ω * o ) for ω o is then defined as,
Under the assumption that ω o converges to ω * o ,
This gives, using (20),Ṙ
Integrating both sides, we have
Now, using the definition of ξ and under the assumption that
which shows that the duration of the torque phase is ∆t T . It should be noted that the quantityRT LR (t o ) was not calculated using the torque phase observer described above, but by using a similar observer for the transmission system in the first gear. This is important to understand since the torque phase observer will take some amount of finite time to converge and thus the assumption ofRT LR (t o ) = RT LR (t o ) will not be valid, no matter how small that time duration is. The only thing that remains to be shown is the convergence of ω o to ω * o . During the torque phase, ω o is kinematically related to the clutch slip speed (ω sr ). Thus, (4) can be rewritten aṡ
where d 1 ,d 2 ,d 3 are known constants. Using the feedback linearization control technique, the following desired clutch pressure trajectory is proposed
where λ T is a positive constant which determines the rate of convergence of the tracking error (ω o := ω o − ω * o ) to zero. Under the assumption that the estimation error of T s , T t converges to zero sufficiently fast, we have (from (27),(28))
which clearly shows thatω o → 0 asymptotically. Again, clutch pressure trajectory tracking is achieved through a sliding mode controller which uses the estimated value of the oncoming clutch pressure for transmission systems with no clutch pressure sensor.
B. Inertia phase controller design
The traditional approach of controlling the clutch slip velocity of the oncoming clutch was adopted here for inertia phase control. The inertia phase controller should be designed to ensure a short inertia phase duration and smooth clutch slip speed change. The following reference clutch slip speed trajectory (ω * sr ) is selected in the current study,
where t i , t f represent the start and end times of the inertia phase, t ∈ [t o , t f ] and ω sr (t i ) denotes the sensed slip speed of the oncoming clutch at the start of the inertia phase. The inertia phase controller, like the torque phase controller, uses a combination of feedback linearization and sliding mode controllers to achieve the desired clutch slip trajectory tracking. The desired oncoming clutch pressure is given by (31), and the corresponding error dynamics is given by (32).
C. Robust controller design
For each phase, the controller uses a combination of feedback linearization and sliding mode control techniques. It is well-known that the sliding mode controller is robust against parametric uncertainties and external disturbances which satisfy the matching condition [8] . On the other hand, feedback linearization requires exact information about the model and its performance degrades with any kind of uncertainty. Because of similarities in the analysis for the two phases, only inertia phase robustness analysis is presented here. In the current study, estimation errors and the coefficient of friction were identified as the two major sources of uncertainties. It is also assumed that the change of coefficient of friction over time is positive. Uncertainties used in the current study are of additive type and are denoted by the symbols ∆T s , ∆T t , ∆µ(ω sr ). The error dynamics equation (32) becomes,
Using the previously stated assumption regarding the coefficient of friction, we can see that λ I δ 1 > 0 ∀ t > 0. Thus, the internal stability of the error dynamics is preserved under the influence of various sources of uncertainty. Moreover, the effect of the additive disturbance (δ 1 ) on the error dynamics can be arbitrarily reduced by selecting a sufficiently high gain (λ I ). However, since the closed loop system depends on a signal coming from a speed sensor which might be noisy, lower gains are preferred to keep the bandwidth of the system low. Thus, the desired oncoming clutch pressure trajectory was changed to the following,
where λ Ip ,λ Ii represent proportional and integral gains respectively. It can be shown again that,
It is easy to see that the closed loop system is still internally stable. Again, the controller gains can be selected as |λ Ii | >> |λ Ip | >> 1 to reduce the effect of the additive disturbance (δ 2 ) on the error dynamics as is done in the design of high gain observers [6] . However, in order to avoid any potential problems caused by the sensor noise, controller gains were selected to reject the low frequency disturbances and high frequency noise.
V. RESULTS & DISCUSSIONS
Simulations were performed on an experimentally validated SIMULINK model of a stepped automatic transmission taken from [5] . The simulation uses high order models for the dynamics of the shift hydraulic system, the high order models being needed to capture shift transients with sufficient fidelity to match experimental observations. The simulation therefore serves as a proxy for experimental evaluation in the work reported here. A fixed step solver with an integration time step of 0.0001 seconds was used for the simulation. The shift schedule is based on vehicle speed. Clutch filling transients are not captured in the model. We start by looking at the results for the case where no uncertainties in the plant model are considered. We define this plant model as nominal. All the results presented next correspond to a 1-2 upshift.
A. Nominal Plant Model
The desired time durations for the torque and inertia phases were specified as 0.2 and 0.5 seconds respectively. The flag variable in Fig. 3 and 4 shows that both the torque and inertia phases have the specified time durations. The reason for this is accurate final drive output shaft speed tracking and oncoming clutch slip speed tracking during the torque and inertia phases respectively, Fig. 2 . It should also be noted that the convergence time for the speed tracking controller in the torque phase is very small (less than 0.035 seconds) and is practically equal to zero for the inertia phase. Zero convergence time for the inertia phase controller is a consequence of the zero initial tracking error due to intelligent design of the reference trajectory. Fig. 3 shows that the coordination of the offgoing and oncoming clutches is nearly perfect since the offgoing clutch behaves almost like a one-way clutch, as the load transfer by it in the negative direction is very small (around −2 Nm). Fig. 4 shows the familiar torque hole and hump in the output shaft torque response, both of which are unavoidable if only clutch pressures are manipulated for gear shift control. However, the transition of the output shaft torque from the torque to the inertia phase is smooth. Moreover, once the clutch lock-up occurs, there are only minor oscillations in the shaft torque due to the compliance of the output shaft torque. Also, Fig. 3 and 4 show good observer performance for the reaction torque at the offgoing clutch and the output shaft torque, respectively. Similar levels of observer performance were noted for turbine torque and oncoming clutch pressure estimations, which are not shown here for the sake of brevity.
B. Uncertain Plant Model
Two forms of uncertainty were introduced in the plant model to evaluate the robustness of the proposed controller. The friction characteristics were changed from one corresponding to a new clutch to one corresponding to a worn-out clutch and/or old transmission fluid [9] . The latter is often used to demonstrate the detrimental effect of friction characteristics with a negative slope on shift quality and driveline vibrations (see Fig. 5 ). In addition to this, 30% uncertainty was introduced in the lumped compliance parameter, K s . Simulation results corresponding to the uncertain plant model case are not shown here due to their similarities to Fig. 2  through 4 . The results showed that there was only a marginal deterioration in the performance of the observer and controller. There was a slightly higher tracking error for the torque phase controller and a marginal increase (around −3 Nm) in the load transferred in the negative direction by the offgoing clutch as compared to the nominal plant case. Overall, the controller performance is very close to the nominal case.
VI. CONCLUSIONS
Closed loop control and estimation of unmeasured variables was achieved for both the torque and the inertia phases using design tools for nonlinear systems. During the torque phase, Fig. 5 . Coefficient of friction characteristic corresponding to a new and a worn-out clutch the control objective was two-fold: emulation of a one-way clutch and control of torque phase duration. The secondary objective was to develop a mechanism for the control of the torque phase duration. For the inertia phase, the two conflicting objectives of short duration and smooth speed changes were accommodated through oncoming clutch slip speed trajectory tracking. Controller robustness analysis was performed and measures were taken to ensure satisfactory controller performance against realistic modeling and estimation errors. Controller performance was evaluated through numerical simulations performed on an experimentally validated transmission model.
